During the last hundred years , observations on normal and a few aniridic human eyes , together with population studies on the age-dependent decline in accom modative amplitude , resulted in the formulation of theories of human accommo dation, and led to the concept that presbyopia is an inevitable consequence of ageing. However, such studies failed to substantiate these theories and concepts or to reveal the fundamental mechanisms of accommodation and its age-dependent loss. Detailed understanding of these mechanisms and the environmental, dietary, an d behavioural factors that may influence the d evelopment of presbyopia will require controlled studies and, in some cases , invasive experimental manipulations that can only be achieved through the use of an animal model. This paper reviews some of the evidence indicating that the rhesus monkey is a highly suitable primary animal model for such studies , as well as for studies on other aspects of ocular ageing , and reviews some of the techniques an d experimental approaches that have already been adapted or developed for such studies.
Most classic papers on the development of presbyopia and on other aspects of age dependent ocular disorders have been based on clinical observations. These led to the formulation, more than a hundred years ago , of the basic theory of human visual accommo dation,! and to some of the more recent, sometimes conflicting modifications or expan sions of that theory. 2 Such observations also yielded important information on the time course of presbyopia development,3,4 estab lished that the human lens continues to grow throughout life ,5,6 and revealed that the lens is subject to alterations in its basic physical properties. 7,8.9 Despite all of these obser vations , the mechanisms of accommodation and its age-dependent loss remain to be estab lished and will have to await experimental studies on suitable animal models.
The animals most commonly used for studies on ageing are species such as rats and mice , which have short Iifespans and exhibit characteristic ageing changes over a period of months that may take years or decades to develop in humans. These shortlived species are, however, of little use for studies on most aspects of ocular ageing because their eyes differ in morphological details from the eyes of primates and are too small for most avail able techniques of clinical ophthalmology and experimental eye research.
Because of the requirement for larger eyes , most areas of eye research have adopted the rabbit as the primary experimental animal. The inadequacy of this species for most areas of eye research , because of the atypical responses of the rabbit eye to trauma , has already been pointed out. to Even the large volume of data that has already been accumul ated on rabbit eyes is of very limited value for the understanding of ocular ageing since vir tually all rabbits used in eye research are only a few months old , which is a very small frac tion of the well over 10 year lifespan of this lagomorph. 11 Moreover, even if aged rabbits were available for research, they would be of limited use with regard to studies on pres byopia since this species has a non-accom modating visual systemY·I3 The same limitation also pertains to use of the large volume of biochemical data that has been gen erated on bovine lenses , since the bovine eye , like that of rabbits and most other herbivores , is adapted for monitoring visual functions that are not consistent with, and are not likely to be associated with, accommodation.14 In contrast, carnivores in general are repu ted to have a small but physiologically signifi cant accommodative amplitude. It is generally accepted that cats , the carnivores most fre quently used in biomedical research , have an accommodative amplitude ranging from 2 to 4 diopters (D), 15 . 16 although some investigators have reported as much as 12 D for cats of unspecified ages. 17,18 However, because accommodation in cats is said to be achieved primarily by lenticular displacement,1 5 .19 this species cannot be regarded as a suitable model for the study of human accommodation, which involves lenticular deformation.
The largest accommodative amplitudes achieved by lenticular deformation have been reported among birds , particularly those that must pursue their prey under water. 20 In such avian eyes , the very large and rapid lenticular deformation required to switch from vision in air to vision under water is achieved in part by a direct force applied by the ciliary body on the annular pad of the lens , a structure that does not exist in primates , and in part by the force exerted by the iris margin on the anterior surface of the lens to form a len ticonus.21,22 Furthermore , in these avian eyes , both the ciliary muscle and the iris sphincter are nicotinically innervated striated muscles, as opposed to the muscarinically innervated smooth muscles in primates. 20, 23, 24 Several species of primates have significant accommodative amplitudes.25-28 Tornqvist26 mentioned that cynomolgus monkeys that were estimated to be older on the basis of appearance and tooth wear, had smaller accommodative amplitudes than ones judged to be younger by the same inadequate criteria. However, most studies on the accommodative amplitudes of birds , reptiles , fishes, and mam mals have not considered age. Hence, we have virtually no information on the vulner ability of the different types of accommoda tive mechanisms to ageing. In the absence of such data , it has been argued , on the basis of behavioural considerations and the known differences in the mechanisms of accommo dation among different classes of vertebrates, that the piscine accommodative mechanism is likely to be the least vulnerable and the pri mate mechanism the most vulnerable to pres byopia.29 These considerations suggest that a suitable primary animal model for the under standing of human accommodation and its age-dependent loss must be found among primates.
Gorillas or chimpanzees may be regarded as our closest relatives. However, the avail ability of these animals is very limited, their cost is prohibitive , and their handling is most difficult. Of the smaller, more readily avail able primates , there are several species of macaques that have been used effectively in medical research. In eye research , the largest body of information has been collected on rhesus (Macaca mulatta) and cynomolgus (Macaca fascicularis) monkeys. There are several large rhesus colonies , some of which have genealogical and census records dating back for half a century. These offer a unique advantage with regard to the study of pres byopia and other aspects of ageing because they contain animals of known ages, spanning the whole age spectrum.
A survey of a colony of free-ranging rhesus monkeys maintained on the island of Cayo Santiago in Puerto Rico aimed at establishing the relationship between ocular growth and intraocular pressure , showed that the rhesus lens , like the human lens, continues to grow throughout adulthood.27.30 Since continuous lenticular growth may be one important con tributor to presbyopia and, in fact, may be caused by accommodative efforts,14 a popula tion survey was designed to study specifically the relationship between age and accom modative amplitude in this species. This first survey of age-dependent changes in accom modative amplitude was conducted on caged animals at Madison WI, where much better laboratory facilities than those on the island of Cayo Santiago were available for such studies and where the animals that were given both cholinergic and adrenergic drugs to induce accommodation yet minimise pupillary con striction could be effectively monitored after their examination.
Age-dependent decline in accommodative amplitude leading to a complete loss of this function was found in this initial survey of caged rhesus monkeysY In addition, accom modation was found to be associated with an increase in lenticular axial thickness. These initial observations that strongly suggested a possible similarity between the rhesus and the human eye with respect to the mechanism of accommodation and its age-dependent loss led us to form a multi-university consortium, which has been funded by the National Eye Institute (NIH, USPHS), to establish the suit ability of the rhesus monkey as an animal model for presbyopia research. Our studies used two rhesus colonies that are maintained under different environmental conditions: the unsheltered, free-ranging animals kept under a tropical climate and bright sunlight on the island of Cayo Santiago and the caged animals kept in air-conditioned rooms under artificial light in Wisconsin. These two colonies were used to provide an opportunity to investigate the effects of environmental conditions such as light intensity and ambient temperature, which are reputed to contribute to or cause cataractogenesis31.32 and to hasten the development of presbyopia.4 This was regarded to be an important aspect of our study since the influence of these factors can not be effectively studied in human popula tions, which rarely, if ever, are exposed uniformly to such diverse environmental con ditions. We shall review here briefly some of the evidence we have accumulated in support of the suitability of the rhesus monkey for the study of human ocular ageing and presbyopia development. We shall also review some of the relevant techniques and experimental approaches we have already developed or adapted to this species and some of the results we have obtained with regard to the mecha nism of accommodation and presbyopia development, as well as with respect to other aspects of ocular ageing.
Non-invasive ageing studies on normal rhesus eyes .
Our first studies aimed at basic characterisa tion of ageing changes in the eye were done on normal rhesus monkeys, using non-invasive techniques. These included slit-lamp bio microscopy and photography, retinoscopy, tonometry,33.34 corneal pachymetry, endo thelial specular microscopy,35 resting and maximally accommodated refraction,27 A-scan ultrasonic measurement of axial dimensions,27,30 and pupillography as well as anthropometric and functional measures of some non-ocular aspects of ageing such as body size, joint mobility, and skin elasticity. We have also adapted the Scheimpflug prin ciple to slit-lamp photography, as first described by Brown,36 to obtain information on the developmental and ageing changes in resting lens curvatures.
These Scheimpflug photographic studies of the rhesus anterior segment at resting refrac tion under ketamine anaesthesia showed that lenticular ageing in the rhesus eye is associ ated with changes in shape that are very similar to those that occur in the human eyeY lens thickness increases linearly with age past the developmental period and the anterior chamber shallows by the same amount, while the location of the posterior lens surface rela tive to the cornea remains essentially unchanged. These findings are consistent with previously published ultrasonic measure ments showing a gradual decrease in axial thickness of the rhesus lens during the developmental years, followed by a continual increase in lens thickness throughout the rest of the lifespanY,30 Most importantly, these photographic studies showed that both lens surfaces develop an increased sharpness of curvature with increasing age, as Brown36 , 38 first reported in humans. Finally, it should be noted that rhesus lens curvature, irrespective of accommodative state or age, can be fitted to a second order polynomial where the bx term is close to or equal to zero; this is again similar to the mathematical description of human lens shape at all ages and accommodative levels.39
Using carbachol to induce accommodation in these population surveys, we have shown that juvenile rhesus monkeys have an extraor dinarily large accommodative amplitude of more than 30 D , which decreases with age so that in most animals over the age of 25 to 30 years it is reduced to zeroY Since carbachol is a potent miotic, it was necessary to pretreat the eyes with an adrenergic agonist to prevent complete pupillary constriction, which would have precluded further refraction. However, even a maximal dose of an adrenergic agonist does not yield a sufficiently large pupil to allow Scheimpflug photography of both len ticular surfaces during carbachol-induced accommodation. Furthermore, even a fully dilated iris does not allow the viewing of the zonules and ciliary body. We have therefore undertaken more detailed studies on a smaller subset of iridectomised rhesus monkeys.
The utility of the iridectomised rhesus eye for the study of accommodation
The use of the iridectomised eye for visualis ing the process of accommodation was demonstrated by observations made over the past century on a few aniridic human eyesY Complete congenital aniridia is, however, a rare condition among humans that is accom panied, at least in some cases, by deficiencies in the accommodative apparatus.2 In humans, surgical iridectomy of sufficient size to reveal the entire accommodative apparatus is rare. On the other hand, complete surgical iridec tomy can be performed on monkey eyes rela tively easily with a high rate of success.40 This procedure made it possible to obtain Sche impflug slit-lamp photographic documenta tion of lenticular shapes at different amplitudes of drug-induced or electrically induced accommodation.
Our studies in iridectomised rhesus eyes demonstrate that the accommodative mecha nism in the rhesus monkey is similar to that reported for the human eyeY with increasing accommodation, the anterior chamber depth decreases, the lens becomes thicker along its polar axis and both lens surfaces become more sharply curved, while the posterior lens sur face remains in approximately the same pos ition relative to the cornea. The changes in each of these parameters (except the location of the posterior lens surface) are linear up to 20 diopters of accommodation, and the slope of this linear relationship is independent of age. This indicates that as in humans, the change in lens shape per diopter of accommo dation remains constant throughout a rhesus monkey's lifespan, while the magnitude of the accommodative amplitude declines during the pre-presbyopic years.
Stimulation of the Edinger-Westphal (EW) Nucleus
Although induction of accommodation with cholinomimetic drugs is a simple noninvasive technique for large-scale population studies on the maximum accommodative amplitude of primates, it is not suitable for measuring the rate of changes associated with accommo dation and disaccommodation. Measure ments of these rates as a function of age will obviously be essential for the understanding of presbyopia development. However, it is impossible to measure the rate of ciliary muscle contraction in normal human subjects. Even the rate of lenticular changes is difficult to estimate because the rate of changes in the effector system itself can be overshadowed by variabilities in the afferent and central mecha nism. We have, therefore, adapted a more direct stimulation technique to measure these rates on iridectomised rhesus eyes.
Electrodes implanted into different mid brain centres have been used by several inves tigators to stimulate accommodation in experimental animals.25.41.42 Since, at this point, our primary interest is in the effector mechanism itself, we have used bipolar elec trodes permanently implanted in the EW nucleus to minimise the number of neuronal connections interposed between the site of stimulation and the effector muscle, thereby minimising the duration and, presumably, the variability of the delay time. 43 Implantation of the electrode is done under stereotaxic control through a small midline craniotomy. The ventricular system is visual ised by contrast ventriculoradiography to esti mate the coordinates of the EW nucleus in each animal. A bipolar electrode is then pos itioned stereotaxically on the midline above the nucleus and lowered in 0.5 mm steps. Pos itional adjustments can be made as dictated by the radiographic localisation of the electrode in relation to the ventricular system and by the presence and symmetry of the accommoda tive and pupillary responses, as well as eye movements, until maximum symmetric accommodation is achieved. Such a control led empirical approach is required because the brain proportion in monkeys, unlike that in inbred rats, exhibits considerable inter individual variation. After a few days of recovery, stimulation of the EW nucleus at 100 Hz yields a reproducible relationship between stimulus voltage and accommodative amplitude that is maintained for at least six months.
We have already used this technique to compare the magnitude of electrically and pharmacologically induced accommodation. 43 Although carbachol-induced accommodation shows a greater amplitude than EW stimu lation43, none of the measured changes in len ticular shape considered were statistically different with the two stimulation techniques. We have also found that as the monkeys age, the accommodative response to both stimuli declines, as does the difference between them. It remains to be determined whether or not this implies that carbachol can cause a greater accommodative change than the maxi mum amplitude physiologically available to each animal. The possibility cannot be excluded that stimulation of the EW nucleus underestimates the maximum available accommodative amplitude, since a single elec trode in the EW nucleus may not recruit all neurons that innervate the ciliary muscle. Nonetheless, this technique seems well-suited for studying the dynamics of accommodation and disaccommodation, since the onset and termination of the stimulus can be accurately registered, and since the reaction as compared to drug-induced accommodation is rapid and quickly reversible.
Immobilisation of the globe
Eye movements can prevent real-time monitoring of the rates of accommodation and disaccommodation both in experimental animals and human subjects.44 This problem also greatly complicated our first attempt to measure the rates of lenticular deformation and ciliary body movements from video recordings (see below), since stimulation of the EW nucleus almost invariably caused some eye movements. For this reason, we adapted the botulinum toxin technique devel oped by Scott and co-workers45,46 for the treat ment of strabismus in humans. In a group of five rhesus monkeys, such injection of the medial rectus muscles prevented nearly all eye movement, even when the voltage used for stimulation of the EW nucleus exceeded that required to cause maximal accommodation. In some animals, however, it was also neces sary to inject the superior or inferior rectus muscle to achieve sufficient stability of the globe. It is evident from these preliminary experiments that the use of botulinum toxin to induce paralysis of the extraocular muscles allows continuous recording of the dynamics of accommodation and dis accommodation in rhesus monkeys.
Scheimpftug and gonioscopic continuous video recording techniques
So far, we have developed two video record ing techniques for studying the time course of events associated with accommodation and disaccommodation. The Scheimpflug prin ciple is used by tilting the angle of the vidicon tube with respect to the lens of the video cam era to make recordings of optical slit images of the cornea and lens through the optic axis. 43 In iridectomised eyes, virtually the whole anterior surface of the lens and most of the posterior surface of the lens can be viewed in focus simultaneously and recorded with this technique while accommodation is induced by stimulation of the EW nucleus. The real time course of changes in the anterior and posterior curvatures of the lens and their positions rela tive to the cornea can be measured from this type of recording.
In the second technique, video recordings of the ciliary processes, zonules, and the equa torial region of the lens are made through a Swan-Jacob gonioscopy lens, using the same video camera but without employing the Scheimpflug principle, to record the time course of ciliary body movement with respect to the onset and termination of EW nucleus stimulation. In both cases, the onset and ter mination of stimulation is coded on the video tape through a time and date generator elec trically connected to the stimulator.
The dynamics of lenticular and ciliary body deformations during accommodation and disaccommodation Preliminary frame-by-frame computer assisted analysis of Scheimpflug and gonioscopic video recordings demonstrates that it is possible to measure the following parameters of the dynamics of accommodation:
(1) delay time between onset of EW nucleus stimulation and onset of lenticular defor mation, movement of the anterior lens surface toward the cornea, ciliary muscle contraction and, in the case of maximum stimulation, slackening of the zonule fibres; (2) delay time between termination of stimu lation and the onset of reversal of each of these processes; (3) the rates of lenticular deformation, len ticular displacement relative to the cor nea, and ciliary body movement in terms of displacement of a fixed point on the ciliary body surface toward the optic axis as measured from the scleral wall; (4) the rates of reversal of each of these processes. We are currently developing gonioscopic techniques to obtain videorecordings of anterior-posterior ciliary body movements parallel to the scleral wall by viewing the cili ary body along a more coronal plane.
Based on one set of experiments completed on six rhesus monkeys ranging in age from 3 to 23 years, it is apparent that differences between the delay times preceding accommo dation and disaccommodation are similar or identical, but that the rate of disaccommoda tion at any age is more rapid than the rate of accommodation. This finding is consistent with the concept that effective and rapid dis accommodation is more important for primate visual adaptation than the speed and extent of accommodation.29 Moreover, these preliminary observations show that, contrary to widely accepted but not adequately sup ported concepts47, the age-dependent loss of accommodative amplitude is accompanied by a decrease in ciliary body movement. In older animals, which responded to maximum drug or electrical stimulation with only a few diop ters of accommodation, there was little or no observable ciliary body movement. These techniques are also applicable to the study of the fatiguing of the accommodative process during continuous or intermittent stimulation.
In vivo visualisation of the zonule fibres
We have also used a gonioscopic videorecord ing technique to visualise the suspensory ligaments of the lens by making empirical adjustments in illumination.43 Induction of accommodation by stimulation of the EW nucleus when the best-albeit still far from clear-visualisation was obtained, revealed a slackening, or even folding, of some zonule fibres when maximal ciliary body contraction was approached or achieved.
In vitro studies demonstrated that dichlorotriazinyl fluorescein, the dye pre viously used to permanently stain collagen fibres in the corneal stroma by covalent bind ing48, can also be used to stain the suspensory ligaments and the capsule of the lens of vari ous species (Miranda and Bito, unpublished observations). So far, this dye has been super fused in vivo over the suspensory ligament of only one iridectomised cynomolgus monkey eye. Good fluorescein staining of the suspen sory ligaments and lens capsule has been observed by slit-lamp gonioscopy for more than three months without evidence of any loss of the stain, indicating that this is a prom ising approach for improving the video gonioscopic visualisation of these trans parent, delicate structures that are otherwise very difficult to see.49
The occurrence of other ocular abnormalities and age-related disorders in rhesus monkeys
In addition to the correspondence between rhesus eyes and human eyes with respect to their vulnerability to presbyopia, which fol-lows a similar time course relative to lifespan and is associated with similar lenticular changes in both species, the rhesus eye also exhibits other ageing changes that are charac teristic of human ocular ageing. Thus, senile cataracts, ocular hypertension, primary open angle glaucoma5o, and peripheral cystoid reti nal degeneration, as well as both wet and dry senile macular degeneration (P. L. Kaufman, unpublished observation), also occurred in the animals studied in our presbyopia surveys. All of these changes strongly resemble the analogous human entities. Developmental variants, including lenticulovitreo-retinal vas cular remnants (Mittendorf dot; Bergmeister papilla), anterior embryotoxon, and congeni tal cataract were also found occasionally. Furthermore, the previously described macu lar and perimacular alterations51, as well as myelinated retinal nerve fibres, were observed in rhesus monkeys kept in the air conditioned quarters of the primate facilities at Madison WI, as well as in those kept in Puerto Rico, where light intensity can be over one-thousand-fold higher than the light inten sity maintained indoors.
Nonocular aspects of ageing in rhesus monkeys
With the long-term maintenance of rhesus monkeys in primate research centres, this spe cies has become an important model for many other aspects of human ageing, especially changes in cognitive behaviour.52•53 In order to establish the relationship between the ocular changes described here and other aspects of a generalised ageing process, we have also examined parameters of nonocular ageing in our surveys, which by now include more than four hundred rhesus monkeys. Age-related declines in joint mobility54, bone mass55, and skin elasticity (Ochoa, DeRousseau, Sade, and Kaufman, unpublished observations) were observed, as were age-related increases in degenerative joint disease54•56, especially in the vertebral column. 57 Many of these changes are remarkably similar to the well-known changes that characterise human ageing. Some of these changes appear to proceed at rates similar to those noted for loss of accom modation with age in the same rhesus popula tions57, and therefore may be linked through some common basic mechanisms of general ageing. It should be noted, however, that accommodation appears to be unique in one regard: it is the only nonreproductive function that is completely lost in both rhesus monkeys and humans well before the end of the respec tive lifespans of these species.29 Correlation analyses suggest that of the nonocular para meters examined, loss of joint mobility and loss of skin elasticity are particularly well correlated with loss of accommodative ampli tude in rhesus monkeys, suggesting that con nective tissue changes58 may make an important contribution to the age-dependent loss of accommodative amplitude.
Conclusions
Accommodation in rhesus monkeys is achieved by a process that is identical in all important aspects, and apparently in most of its details, to the accommodative process of the human eye. The age-dependent loss of accommodation in these two species is also similar with regard to the associated mor phological changes as well as in time-course relative to their respective life spans. Since the lifespan of the rhesus monkey is about one third of the human and since juvenile rhesus monkeys have a larger accommodative ampli tude than human juveniles, the actual loss of accommodative amplitude per year is several times greater in the rhesus monkey. Further more, as opposed to humans, environmental and dietary conditions of rhesus monkeys can be controlled throughout their lifespans. Thus, the rhesus monkey represents an excel lent model for the study of the mechanism of human accommodation and its age-depen dent loss and offers an opportunity to estab lish the true influence of factors such as temperature and visible or ultra-violet light intensity on lenticular ageing and presbyopia development.
Last but not least, since rhesus monkeys have been found to develop most other age dependent ocular disorders that are known to affect the human eye, they can also be expected to help elucidate the mechanisms of cataractogenesis and glaucoma and their poss ible relationships to the lenticular and ciliary body changes that contribute, typically at an earlier age, to the development of presbyopia. 
